Detectors operating at 2 m are important for several applications including optical communication and atmospheric remote sensing. In this letter, fabrication of 2 m photodetectors using an InGaSb substrate is reported. The ternary substrates were grown using vertical Bridgmann technique and Zn diffusion was used to fabricate p -n junction diodes and photodiodes. Detectors operating in the 2 m regime are critical for several applications such as atmospheric remote sensing of CO 2 and optical communication systems. Current state-ofthe-art detectors based on InGaAs and HgCdTe materials epitaxially grown on binary substrates suffer fabrication complexity and performance deterioration when tuned to the 2 m wavelength. Beside the existing technology, InGaSb ternary alloy systems show a promising performance for near-infrared detectors. By varying the indium composition, one can tune the wavelength of detection from 1.7 to 5 m, and specifically to 2 m by growing In 1−x Ga x Sb with x value of 0.8. Epitaxial growth of InGaSb layers on different binary substrates has been reported using different techniques. [1][2] [3] Beside the complexity of these techniques, tuning to the 2 m regime usually involves performance deterioration mainly due to the lattice mismatch problems. Lattice mismatch in the grown layers increases dark current and noise, limiting both dynamic range and sensitivity of a detector. The availability of bulk ternary substrates may significantly simplify the fabrication process by using simpler and lower cost techniques. In this letter the fabrication and characterization of InGaSb p -n photodetectors using InGaSb substrates are presented. The device fabrication was carried out at Rensselaer Polytechnic Institute, while the characterization was carried out at NASA Langley Research Center.
Detectors operating at 2 m are important for several applications including optical communication and atmospheric remote sensing. In this letter, fabrication of 2 m photodetectors using an InGaSb substrate is reported. The ternary substrates were grown using vertical Bridgmann technique and Zn diffusion was used to fabricate p -n junction diodes and photodiodes. Dark Detectors operating in the 2 m regime are critical for several applications such as atmospheric remote sensing of CO 2 and optical communication systems. Current state-ofthe-art detectors based on InGaAs and HgCdTe materials epitaxially grown on binary substrates suffer fabrication complexity and performance deterioration when tuned to the 2 m wavelength. Beside the existing technology, InGaSb ternary alloy systems show a promising performance for near-infrared detectors. By varying the indium composition, one can tune the wavelength of detection from 1.7 to 5 m, and specifically to 2 m by growing In 1−x Ga x Sb with x value of 0.8. Epitaxial growth of InGaSb layers on different binary substrates has been reported using different techniques. [1] [2] [3] Beside the complexity of these techniques, tuning to the 2 m regime usually involves performance deterioration mainly due to the lattice mismatch problems. Lattice mismatch in the grown layers increases dark current and noise, limiting both dynamic range and sensitivity of a detector. The availability of bulk ternary substrates may significantly simplify the fabrication process by using simpler and lower cost techniques. In this letter the fabrication and characterization of InGaSb p -n photodetectors using InGaSb substrates are presented. The device fabrication was carried out at Rensselaer Polytechnic Institute, while the characterization was carried out at NASA Langley Research Center.
Tellurium doped n-type In 0.17 Ga 0.83 Sb substrates were grown from a high temperature melt using the vertical Bridgman technique. 4 The synthesis of InGaSb was carried out in silica crucible under argon ambient using pre-synthesized GaSb and InSb polycrystals. The compositionally graded InGaSb crystal was grown using a Ͻ100Ͼ GaSb seed. The growth rate varied in the range of 0.1-0.5 mm/hr during the course of the experiment. The temperature gradient of the furnace near the melt-solid interface was in the range of 10-15°C/cm. No melt stirring was employed during the growth. After the entire melt solidified, the furnace was cooled down gradually to room temperature (at a rate of 15-20°C/hr) to avoid thermal cracking of the crystal. Wafers were sliced using a diamond wheel saw (Southbay Technology). The wafers were then polished to mirror shining using a three-step optimized lapping and polishing process. Lapping was done using boron carbide 14 micron size abrasives on a PanW pad and the two step polishing was done using alumina 1 and 0.3 micron slurries on nylon and velvet pads, respectively.
To form the p-type layers, Zn diffusion was carried out using the leaky box technique. Zn pellets were used as the source and the diffusion was done at 450°C for 2 h under flowing nitrogen gas. A schematic for the photodiode structure is shown in Fig. 1 . Metallization was carried out using electron-beam evaporator by depositing 200 Å tin followed by 1000 Å gold for the back side contact and 400 Å tin followed by 800 Å gold for the front side metal pads. carried out wthout dicing or packaging. Instead, a whole part of the wafer was glued to an aluminum disk to access the n-side, while the front pads were probed to access the p-side.
Dark current variation as a function of device area is shown in Fig. 2 . Also shown is the dark current variation with temperature for a 150-m-diam photodiode. Dark current was obtained by I -V measurement in dark conditions using a modulator dc source/monitor (Hewlett Packard; P 4142B) with 25 mV steps. A thermoelectric cooling system was used to set the wafer temperature to within 0.1°C. Relatively high dark current was observed due to the high doping concentration. It was observed that the detectors show reverse breakdown voltage in the range of 0.75-1 V. Zero bias resistance-area product ͑1/R 0 A͒ analysis was used to estimate the bulk and interface related contributions to the leakage current, as indicated in the inset of Fig. 2 . Results indicate that surface leakage current dominates for small area devices, while bulk leakage current dominates for larger area devices.
The spectral response of the photodiode was measured using the substitution method with a PbS reference detector in the 1 to 2.2 wavelength range. The experimental setup includes a quartz-halogen lamp, and 40 nm resolution monochromator as the radiation source, which provides 2.1 ϫ 10 -4 W/cm 2 mean intensity in the specified wavelength range. The detector output current was preamplified (Stanford Research Systems; SR570) with a 2 A / V sensitivity and then measured using a lock-in amplifier (Optronic Laboratories; 750-C).
5 Figure 3 shows the spectral response of a 300ϫ 300 m 2 sample and its variation with the temperature at 0 V bias. A maximum responsivity of 0.61 A / W was obtained at 1.9 m, while the 2 m responsivity is 0.56 A / W at 20°C. The responsivity increases with longer wavelength up to about 2.1 m where it cuts-off dut to the band edge. The absorption coefficient of InGaSb is shown in the same figure for different compositions around 2 m cut-off wavelength. The absorption coefficient was calculated after obtaining the real and imaginary parts of the dielectric function, 1 and 2 , respectively, using
where is the wavelength. 1 and 2 were calculated by considering the effect of the different band gap transitions.
The transition parameters for the ternary In ͑1-x͒ Ga x Sb were obtained by interpolating the parameters of the binary materials InSb and GaSb according to
where T GaInSb , B GaSb , and B InSb are the ternary and binary materials parameters and C B is the bowing parameter for the E 0 and ⌬ 0 transitions which was taken to be 0.42. 8 For any other transitions, the bowing parameter was taken to be zero. Although the absorption coefficient increases at shorter wavelength, the responsivity decreases due to the higher effect of surface recombination, since these devices are not passivated. Cooling down the detector results in an increase in the responsivity due to the increase in the minority carrier's diffusion length, 9 while shifting the cut-off to a shorter value due to the increase in the band gap at lower temperature. 7 Quantum efficiency calculations indicated a maximum value of 42.5% at about 1.84 m and 35.5% at 2 m. Figure 4 shows the variation of the detectivity ͑D * ͒ with the bias voltage at two different temperatures. The peak detectivity is observed at 0.2 V bias, independent of the temperature. The figure also compares the detectivity of similar InGaSb detectors grown on a binary GaSb substrate. 10 The detectivity was calculated at 2 m wavelength assuming Johnson limited performance using dark current and responsivity measurements. Figure 4 reveals the superior performance of the InGaSb detectors fabricated using the ternary alloy substrate compared to the epitaxially grown ternary devices on binary substrate. Although cooling down the detector reduces the noise and increases the responsivity, the detectivity enhancement was limited by the responsivity cutoff wavelength of 1.9 m at −20°C, as indicated in Fig. 3 .
In conclusion, InGaSb ternary alloy system is a promising candidate for detecting 2 m radiation. Fabrication of InGaSb photodetectors using a InGaSb substrate by a simple diffusion technique has been carried out. The InGaSb substrate was grown using the Bridgmann technique. Dark current measurements indicated the existence of high leakage current due to the high doping in the diffused layer. Spectral response measurement resulted in increased responsivity by colling the detectors. Detectivity calculations reveal better overall performance compared to similar InGaSb detectors epitaxially grown on binary substrates. Further improvement can be obtained by reducing the doping concentration. A suitable surface passivation must be attempted to reduce the dark current and further enhance the quantum efficiency by reducing the surface recombination. 
